Protein metabolism is considered to be regulated by amino acids, with major consequences on tissue development. There is evidence that lysine greatly affects carcass composition and muscle growth. In particular, a drastic effect of dietary provision of lysine has been observed on breast muscle development in chickens. Other essential amino acids, such as threonine and valine, do not have as pronounced an effect as lysine on body composition. Increasing lysine can also improve chicken breast muscle quality by increasing its ultimate pH and water holding capacity, but the underlying mechanisms are still unknown. Studies conducted over the last ten years indicate that, in addition to being substrates for protein synthesis, amino acids act as modulators of signal transduction pathways that control metabolism and cell functions. For instance, certain amino acids can modulate the activity of the intracellular protein kinases involved in the control of mRNA translation. Interestingly, enhanced responses to amino acids have been reported during the neonatal period, suggesting that early protein nutrition impacts on the development of broiler chicks. Methionine and cysteine have a very significant place among amino acids because they have several additional roles: they are precursors of essential molecules, for example cysteine is used for the synthesis of the antioxidant glutathione, and thus participates in the control of oxidative status, methionine is a source of the methyl groups needed for all biological methylation reactions, including methylation of DNA and histones, etc. These findings together indicate the importance of optimizing amino acid nutrition and providing a rationale for nutritional advice.
protein synthesis, and this is an unquestionable major concept in protein nutrition. In other words, amino acids are substrates for protein synthesis and the lack of even a single essential amino acid causes a decrease in protein synthesis. Amino acid availability affects not only protein synthesis rates, but also proteolysis and amino acid oxidation, thus modulating the different pathways involved in protein metabolism. Moreover, studies conducted during the last ten years indicate that amino acids act as regulators of metabolic pathways, with for instance an effect targeted on mRNA translation into proteins.
Amino acids exert their action in various tissues and organs, and in particular they are able to regulate muscle development. The regulation of protein metabolism by amino acids has been studied extensively in skeletal muscle in order to improve muscle growth and meat quality in animal production, and to reduce muscle wasting in some physiological (e.g. early lactation) and physiopathological situations (e.g. ageing, infections, etc). Indeed, due to the differences between the amino acid composition of acute-phase proteins synthesized during catabolic states and that of muscle proteins, a considerable amount of muscle protein has to be degraded to provide the amino acids used in the acute-phase response (Reeds et al., 1994) . This review aims to address the important question of how protein nutrition, i.e. provision of amino acids, may contribute to the optimisation of metabolic efficiency and product quality. It also describes the general effects of amino acids with implications for body composition and meat quality. It also highlights the role of amino acids as nutrient signals, which appears to be important for cell functions and metabolic pathways. The last part of this review focuses on sulphur amino acids and their role in controlling oxidative status and the methylation process.
Body composition and muscle quality
Amino acids are known as anabolic factors, which induce protein gain by stimulating protein synthesis while inhibiting proteolysis. These effects on protein turnover have been clearly demonstrated both in mammals and in avian species (Hocquette et al., 2007; Muramatsu, 1990; Tesseraud et al., 2006 for reviews) . Protein-deficient diets cause inhibition of protein synthesis, whereas the effect on proteolysis seems to depend on the severity of the deficiency. Hyperaminoacidemia induced by intravenous infusion of amino acids increases muscle protein synthesis, at least when measurements are performed using the constant infusion of labelled amino acids (Watt et al., 1992; Tesseraud et al., 1993) . Amino acids are essential for postprandial stimulation of protein synthesis, as demonstrated in the rat (Yoshizawa et al., 1998) and the chicken (Yaman et al., 2000) . Stimulation of protein synthesis by amino acids is associated with an increase in translational efficiency with, in particular, stimulation of the initiation phase which corresponds to the sequential binding of the 40S and 60S ribosomal subunits on the mRNA molecule. Because re-feeding elicits a rise in plasma concentrations of insulin and amino acids, the role of insulin has also to be considered. Interestingly, some studies have suggested that a minimum level of insulin is required for the stimulation of protein synthesis by re-feeding or amino acids (see Kimball et al., 2002 for a review). Insulin may thus have a permissive effect for the amino acidinduced stimulation of protein synthesis.
Evidence of the action of amino acids in protein turnover has been provided using diets supplemented with or deprived of one or more amino acids. Methionine is for example the first limiting factor in classical diets used for growing chickens because of a high requirement for sulphur amino acids for the synthesis of feathers, whereas poultry diets 244
World's Poultry Science Journal, Vol. 67, June 2011 based on corn and soybean meal are deficient in sulphur amino acids without supplementation (Baker, 2006) . Decreased growth in chickens fed methionine-and cysteine-free diets is mainly caused by lower rates of whole-body protein synthesis associated with lower RNA efficiency, suggesting translational regulation. Methionine supplementation enhances muscle growth, and the addition of methionine to a methionine-deficient diet, otherwise balanced in terms of other amino acids, increases accretion and synthesis of protein in the Gastrocnemius and Pectoralis major muscles in chickens (Barnes et al., 1995) . Similarly, lysine supplementation to a lysine-deficient diet otherwise balanced in terms of other amino acids increases the amounts of protein synthesized and gained in chicken skeletal muscle (Tesseraud et al., 1996a (Tesseraud et al., , 2001 ). Studies performed using lysine-deficient diets have revealed the possibility of a major effect of dietary amino acid levels on protein degradation: the fractional rates of proteolysis (values expressed as % per day) measured in the Pectoralis major muscle of growing chickens are always higher in lysine-deprived animals, irrespective of age or genotype (Tesseraud et al., 1996a (Tesseraud et al., , 2001 . Amino acid deficiency stimulates autophagic (lysosomal degradation) and proteasome-mediated proteolysis (Hamel et al., 2004; Bechet et al., 2005) . In chicken muscle, daily variations in dietary lysine content affect the expression of two important genes controlling the ubiquitin-proteasome proteolytic pathway, i.e. E3 ubiquitin ligases Muscle Atrophy F box (MAFbx, also called atrogin-1) and Muscle Ring Finger-1 (MuRF1) (Tesseraud et al., 2009a) .
It should be noted that lysine is one amino acid that probably exerts the most specific effects on carcass composition and muscle growth. A particularly drastic effect has been observed on breast muscle development in chickens (Tesseraud et al., 1996a) . It is probable that the breast muscle of chickens represents a major reservoir of lysine that can be mobilised in deficiency states. Increased proteolysis in such conditions provides free amino acids that are used for protein synthesis. It is of note that neither threonine nor valine exhibits an effect on body composition as pronounced as that of lysine, as observed in an experiment in which these three amino acids were studied together in similar conditions (Leclercq, 1998) . The specific effect of lysine on breast muscle development may be due to the fact that lysine is the most abundant essential amino acid in skeletal muscle protein. Interestingly, a recent study has also revealed that increasing lysine can improve chicken breast muscle quality by increasing its ultimate pH and water holding capacity (Berri et al., 2008) , but the underlying mechanisms have yet to be defined.
Based on findings reported in piglets (Conde-Aguilera et al., 2010), it appears that amino acids modify the chemical composition of tissues with a potential effect on meat quality. In particular, a deficient supply of methionine and/or cysteine affects lipid content and amino acid composition of proteins in muscles.
Nutrient signalling
Several reviews have reported that amino acids are signal mediators acting on the same intracellular protein kinases as certain hormones (e.g. insulin) (Kimball and Jefferson, 2006a; Dann and Thomas, 2006; Tesseraud et al., 2006; Métayer et al., 2008) . Thus, amino acids, in particular the branched-chain amino acid leucine in skeletal muscle, affect the activity of several proteins involved in the control of mRNA translation, such as 4E binding protein (4E-BP1) and 70 kDa ribosomal protein S6 kinase (p70S6K, also called S6K1) (Figure 1 ). S6K1 and, similarly, 4E-BP1 are phosphorylated in response to insulin via a signal transduction pathway involving phosphatidylinositol-3' kinase (PI3K) and the mammalian target of rapamycin (mTOR) in mammals and avian species (Proud, Tesseraud et al., 2007a; Dupont et al., 2009) . Amino acid signalling also originates from mTOR, and activates S6K1 and 4E-BP1 (Meijer and Dubbelhuis, 2004; Tesseraud et al., 2006) . Despite the increased understanding of the roles of amino acids, many questions still remain and the underlying mechanisms need to be elucidated. One of the key issues relates to the specificity of amino acids acting as 'nutrient signals'. The effects of branched-chain amino acids on the mTOR/S6K1 pathway have been clearly demonstrated (Kimball and Jefferson, 2006b; Yoshizawa, 2004) . However, other amino acids may also exert an effect on cell signalling. For example, arginine regulates S6K1 and 4E-BP1 in intestinal cells (Ban et al., 2004) , and glutamine can control S6K1 activation and 4E-BP1 phosphorylation induced by arginine or leucine (Nakajo et al., 2005) . There are few studies regarding the potential effects of methionine on these intracellular kinases, but they suggest that this sulphur amino acid may have a signal function by inducing S6K1 activation in mammals (Shigemitsu et al., 1999; Stubbs et al., 2002) and avian species (Tesseraud et al., 2003; Métayer-Coustard et al., 2010) . In addition, amino acid availability regulates the expression of the E3 ubiquitin ligase atrogin-1 via mTOR in muscle cell lines (Tesseraud et al., 2007b; Herningtyas et al., 2008) . Interestingly, the activation by feeding and by amino acids of components related to translation initiation is developmentally regulated, with enhanced responses during the neonatal period, as reported by several studies in piglets (Suryawan et al., 2001 (Suryawan et al., , 2007 . Decreased stimulation with age parallels the developmental decline in protein synthesis in skeletal muscle, which is due to lower efficiency of the translation process and depressed synthesis capacity (Davis et al., 2008) . Similar age-related changes might exist in avian species since developmental declines in the capacity for protein synthesis (Tesseraud et 
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Ub-proteasome dependent system al., 1996b) and in the abundance of kinases involved in intracellular signalling have been reported in chick muscle. Considering the drastic effects of amino acids on proteins related to translation initiation in the neonatal period (Escobar et al., 2006 (Escobar et al., , 2007 , consumption of an amino acid-enriched diet could be particularly valuable to improve protein synthesis and growth in this critical period. A recent study performed in neonatal chicks showed that the consumption of a high protein diet clearly activated S6K1 and augmented its activity in the breast muscle (Everaert et al., 2010) . These findings indicated that the activation of S6K1 is sensitive to dietary amino acid provision during early feeding, which could potentially enhance the translation of mRNA in skeletal muscle of neonatal chicks.
One unsolved issue concerns the multiple effects of amino acids on cell functioning. The role of amino acids as nutrient signals appears to be important for cell functions and metabolic pathways, other than those directly concerned with protein turnover. For example, amino acids may be strong modulators of glucose metabolism and insulin sensitivity. In vitro and in vivo findings indicate an important role of amino acids in glucose homeostasis through inhibition of insulin action on muscle glucose transport and hepatic glucose production. This negative effect of amino acids on insulin action appears to be associated with mTOR/S6K1-dependent inhibitory phosphorylation of insulin receptor substrate-1 (IRS-1) on serine and/or threonine residues and impaired activation of PI3K, a key effector of the metabolic actions of insulin (Tremblay et al., 2007; Um et al., 2006) . Depletion of S6K1 was recently shown to enhance basal glucose utilization in mammalian muscle cells and to protect against the development of impaired insulin action in response to excessive leucine (Deshmukh et al., 2009 ). More information is therefore needed on the potential effects of amino acid supplementation before use for nutritional purposes.
Sulphur amino acids, control of oxidative status and methylation process
As precursors of various molecules, amino acids have other major functions. For instance, the antioxidants glutathione and cysteine, originating from methionine metabolism, can function as direct scavengers of reactive oxygen species (ROS), formed at the mitochondrial level and producing deleterious effects such as lipid and protein oxidation or DNA strand-break damage. Glutathione, which is a tripeptide (Lglutamyl-L-cysteinyl-glycine), is the most important intracellular antioxidant in the body (Obled et al., 2004; Reid and Jahoor, 2001) . Acute infection increases its synthesis in various tissues (liver, spleen, lung and muscles), accounting for at least 40% of the enhanced cysteine utilisation during infection in the rat (Malmezat et al., 2000) . Methionine metabolism was affected in normal volunteers subjected to a mild inflammatory challenge (i.e. vaccination; Mercier et al., 2006) , in agreement with results obtained in acute diseases. Preferential methionine metabolism toward cysteine synthesis has thus been observed, indicating increased requirement for sulphur amino acids in these situations. Interestingly, using everted sac techniques with chicken intestine, it was demonstrated that the methionine hydroxy-analog, DL-2-Hydroxy-(4-Methylthio) butanoic acid, is more efficiently converted to cysteine and taurine than Lmethionine through the trans-sulphuration pathway, suggesting that this hydroxy-analog of methionine might have a different role in detoxification processes than methionine itself (Martin-Venegas et al., 2006) .
Sulphur amino acids are involved in the methionine sulphoxide reductase anti-oxidant system (Moskovitz et al., 1995; Levine et al., 1996) . Methionine residues in proteins are Amino acids and tissue metabolism: S. Tesseraud et al.
World's Poultry Science Journal, Vol. 67, June 2011particularly susceptible to oxidation by ROS and are converted to methionine sulphoxide, which can be reduced back to methionine by methionine sulphoxide reductases. Each cycle of methionine oxidation and reduction will destroy one equivalent of ROS, which might represent a major natural scavenging system for ROS. The methionine sulphoxide reductase system is particularly involved in the repair of oxidized proteins, thereby preventing cellular accumulation of damaged proteins (Stadtman et al., 2005) . Nevertheless, the effects of different sulphur compounds in critical physiopathological conditions is not yet fully understood, especially with regard to host defence against oxidative stress and protection against lipid and protein oxidation. These findings that impact on tissue metabolism have potential implications for animal health, tissue development and product (meat) quality.
Methionine is a source of methyl groups that are used to methylate DNA, a process that influences chromatin structure and gene expression. The mechanisms involved have been detailed in a recent review and therefore will not be presented here (Tesseraud et al., 2009b) . From a nutritional point of view, one interesting application concerns perinatal nutrition since aberrant methyl metabolism in early life is linked with disorders. This means that manipulating the sulphur amino acid content of the early diet may induce chronic changes in cell functions that have implications for long-term health. For instance, it has been shown in mammals that changes within physiological ranges in the supply of methionine and specific B vitamins such as B12 during the periconception period can lead to widespread epigenetic changes in DNA methylation in offspring, and can modify adult health-related phenotypes (Sinclair et al., 2007) . To our knowledge, such epigenetic regulation by nutrients has not yet been investigated in avian species, although there is evidence of epigenetic changes in chicks after heat-conditioning (Kisliouk et al., 2010) . 
Conclusions
Amino acids are recognised to be essential in controlling metabolism (Figure 2) . Despite the increased understanding of the role of amino acids, many questions still remain unanswered. Identifying the mechanisms by which amino acids regulate metabolism, signalling, gene expression and cell functioning is thus essential to improve the control of nutrient utilisation and to optimise dietary amino acid provision for animal production purposes.
